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ABSTRACT 
 
Ageing is characterized by functional changes that can 
create gait and balance disturbances, which are the main 
risk factors of falling. Elderly people at risk of falling can 
be considered to be suffering from an involuntary motor 
behaviour that restricts their participation in society. One 
method to overcome such a situation is to activate a new 
learning process to train for real life tasks, which 
represents innovation.  
The SMILING system is intended to challenge the elderly 
to solve new motor problems in real time by inducing 
variable environments that need active response and 
problem solving. Variable environments induced by 
perturbations will weaken stiff motor behaviour(s), induce 
flexibility and thus enable effective training and improve 
mobility in real life environments. 
The SMILING solution provides a changeable yet safe 
environment that needs active response and problem 
solving by the user. It consists of a wearable non-invasive 
computer-controlled system that applies chaotic 
perturbations to the lower extremities during walking 
through small alterations of the height and slope of 
weight-bearing surfaces.  
The complete system consists of 3 modules: i) a complete 
walking analysis system; ii) a pair of motorised training 
shoes; iii) a user friendly portable control unit. 
 
 
KEY WORDS 
 
Home care, Rehabilitation, Geriatrics, Robotics, 
Biomechanics, Chaos  
 
 
Introduction 
 
Health, as an outcome of biological, psychological, social 
and life-style dimensions is central in ageing and may 
affect the indoor and outdoor mobility of elderly people. 
Group activities such as participation in the back school, 
the neck school and  the shoulder school as well as motor 
activities for the prevention of osteoporosis, are strongly 
recommended to encourage, foster and promote a spirit of 
social togetherness and inclusion. General practitioners, 
geriatricians, physicians and physiotherapists play an 
important role in convincing old people to undertake some 
sort of physical exercise.  
Mobility and physical activities can affect health itself; in 
fact good physical activity is a prerequisite of healthy 
ageing. It has been demonstrated that physical-activity-
based interventions can improve function in older people, 
both with and without age-related pathology. In specific 
elderly populations, such as elderly fallers and people 
with Parkinson‟s or Alzheimer‟s disease, there is evidence 
that interventions may improve both cognitive and motor 
functioning. Extensive research on humans suggests that 
exercise could have benefits for overall health and 
cognitive function, particularly in later life: exercise may 
promote neuronal circuitry re-modelling and brain 
plasticity [1]; forced use of the paretic limb in older adults 
with chronic stroke has shown cortical reorganization and 
improved motor performance [2]. However, available 
evidence suggests there is more effect when interventions 
take place over longer time periods, when interventions 
are individually tailored, and when interventions also 
include exercises in the home environment [3] [4] [5]. 
As age increases, a person‟s motor skills/schemes tend to 
decrease gradually.  Traditionally, training programs 
emphasize training balance under single-task conditions to 
improve balance and reduce risk of falling. These 
interventions show improved balance but have little carry 
over into natural environments. Older adults with balance 
impairment are frequently referred for physical therapy to 
improve balance control and reduce the risk of falling. 
Although activities of daily living often require 
maintaining balance during the performance of several 
concurrent tasks, balance is most often trained under 
single-task conditions. Single-task training involves 
practising functional tasks requiring balance (e.g. 
standing, walking, and transfer) in isolation. Task-specific 
resistance training is also applied to improve the 
performance of daily living activities such as rising from a 
bed and from a chair [6]. In light of research indicating 
that inability to perform concurrent tasks is a contributing 
factor to instability and falls in many older adults, it has 
been suggested that training balance under both single- 
and dual-task conditions is necessary to optimize 
functional independence and reduce the number of falls in 
elderly people [7].  
 
 
The conceptual framework 
 
Healthy physiological function is characterized by a 
complex interaction of multiple control mechanisms that 
enables the individual to adapt to the unpredictable 
changes of everyday life. Human behaviour is highly 
variable and it is because of this variability that many new 
responses are introduced into the behavioural repertoire. 
Functional neuromuscular variability can be described as 
the normal variations that occur in motor performance 
across multiple repetitions of a task. Variability is 
inherent within all biological systems and recently has 
also been linked to the health of biological systems. For 
example, variability in heart rate has been observed to be 
the healthy norm. A high degree of consistency between 
heartbeats has been directly related to a higher incidence 
of mortality. It is believed that variability allows the heart 
to better recover from applied perturbations, making the 
system more flexible and ultimately more stable [8]. 
To reverse the underlying disuse that drives the downward 
spiral of negative neural plasticity, training programs 
should strongly engage the brain with frequent and 
demanding sensory, cognitive, and motor tasks. 
Driving brain plasticity in fundamental processing 
systems requires a substantial training schedule; a desired 
skill must be practiced over multiple cycles to ensure 
motor learning is developed and transferred to everyday 
life activities.  
In order to address the needs of elderly fallers through 
technology, two contradicting factors have to be 
considered: flexibility and stability. Flexibility is 
responsible for the tremendous plasticity seen in the 
human motor system, and allows the person to adapt to 
constantly changing environmental task constraints. 
Flexibility thus allows the motor system to perform 
reliably over a variety of different task constraints. 
Stability however equates to the systemic ability to offset 
an external perturbation. Stability and flexibility therefore 
represent different properties in the motor control process. 
These two factors were thought to be contradictory since 
putting emphasis on the one, reduces the effect of the 
other. Research studies inspired from a dynamical systems 
perspective has begun to change the belief about the 
stability–flexibility relationship.  These studies have 
shown increased flexibility with no change in the stability 
of walking [9].  
 
 
The technical solution 
 
The SMILING project focuses on the setup and 
implementation of new training approaches in the 
prevention of falls by using an innovative mechatronic 
system designed to perturb walking performance by 
changing the environment through the alteration of the 
ground by means of motorised shoes, able to change 
height and inclination from one step to the next (fig.1). 
The shoe structure comprises separate heel and forefoot 
units, which are assembled as independent units and fitted 
to a support structure (fig.2). The forefoot unit has space 
at the front for a power supply unit (PSU) and motor 
control unit (MCU). 
It is intended that the shoe should achieve a combined 
movement of +/- 4.5 degrees for ankle flexion /extension 
and +/-4.5 degrees for foot internal/ external rotation in 
one or two steps made by a user. To achieve this for a user 
with a large shoe, it has been estimated that the actuator 
should rise by a maximum of ~24 mm ideally in a single 
step. 
 
 
Fig.1 : The motorised SMILING shoe 
 
The four motors activate during the swing phase to 
change the position of the actuators while the shoe is 
unloaded. To identify the swing phase, data are used  from 
a gyroscope, integral to the shoe structure. 
The gyroscope is part of a wireless unit, placed on the 
back of the shoe transmitting data about the foot position 
to the MCU that controls the motors  (fig.3). 
 
 
Fig.2: The assembled  heel and forefoot units. 
 
The selection and setup of the most suitable training 
program for each user are tuned to his/her current walking 
capabilities. To assess his/her gait, the SMILING user is 
asked to undergo a gait analysis test. Results from this test 
are used to design his/her personalised training program. 
The SMILING training program is developed on different 
levels of difficulty according to the walking abilities of 
the elderly subject. For example the training tasks may be 
performed at different gait velocities, or envisage the 
execution of motor or cognitive dual tasks while walking 
(e.g. “walking while clapping hands” or “walking while 
counting aloud”). The most suitable training is assigned to 
the elderly person based on an assessment of his/her 
current walking abilities measured by linear, and non 
linear parameters describing gait. 
 
 
Fig.3: Control electronics and sensors of the complete 
SMILING system. 
 
To perform gait analysis, the user wears, on the back of 
his/her shoes a wireless sensorized unit, called S-Sense, 
embedding a 3D gyroscope and a 3D accelerometer. Data 
from the sensors are acquired in real time and sent to a 
PC, called Operator Control Unit – OCU for dedicated 
processing (fig.3). The SMILING user is asked to walk at 
his/her natural cadence for some minutes to acquire 
enough data to allow both a linear and non linear analysis 
of his/her walking features. The computed gait parameters 
are used by the operator in charge of the SMILING 
system setup to select the most suitable training exercises 
for the specific user.  
The operator maybe a clinician, a therapist or a trainer. It 
depends on the environment where the system will be 
used.  According to the basic idea, the SMILING system 
is not a medical device but a training device. This means 
that its use is envisaged also in non-protected 
environments such as fitness centres and/or private 
homes.   
 
During training, the SMILING users undergo a sequence 
of different perturbations altering their own walking 
schema. According to the basic concept of the SMILING 
project, the sequence of perturbations applied to the two 
shoes will be chaotic signals both in height and 
inclinations. 
 
The sequences of perturbations will be downloaded to the 
shoe MCU before the start of the training task by a 
dedicated  User Control Unit (UCU) that is a portable unit 
able to start/stop the motorised shoes. It downloads 
perturbation patterns suitable for a user and collects gait 
data from the shoes to compute performance indices to 
provide feedback on the quality of the training 
performance (fig.3).  
During the training the user wears the shoes and the UCU. 
He/she activates the training session by pressing a start 
button. For each foreseen training task, the control unit 
supplies the main instructions and monitors the user‟s 
performance. At the end of the training session, the UCU 
supplies an assessment of the performance and the next 
most suitable training session according to the 
performance level reached. 
 
 
Acceptability by the elderly users 
 
A preliminary check of the acceptability of the SMILING 
system was made by interviewing a sample of 68 elderly 
people (56% female and 44% male). The mean age was 
73.7 ± 7.2 years. 
 
A first set of questions concerned participation in the 
SMILING program. Overall, results highlighted the 
interaction of many factors in decision making by the 
elderly persons. Getting information about the 
intervention was the determinant most frequently 
considered as important or very important by participants, 
emphasizing the willingness to play an active and 
autonomous role in one‟s own health decisions. 
Recommendation by the doctor/physical therapist was the 
next most frequently cited determinant of participation. 
This suggests that the majority of these older people took  
great account of professionals‟ advice before accepting 
SMILING intervention. 
 
Regarding the benefits of the SMILING intervention, 
participants considered maintaining their independence as 
the most important outcome of rehabilitation training. 
Improving physical performance and reducing the risk of 
falling were next in the list of most important benefits 
expected, followed by improving mobility and walking. 
These findings suggest that the impact of falling was seen 
as a great lack of independence, freedom and social life 
that could be prevented or decreased by the SMILING 
system. 
 
Finally the barriers to participation in the SMILING 
intervention were investigated. Users reported that the 
principal obstacles were the total duration and the 
frequency of training. Perceived age (feeling too young or 
too old for the intervention), and health status (feeling 
frail) were also considered important barriers. These 
results suggest that the individual habits and the overall 
burden of the training program have to be carefully 
considered to facilitate the SMILING acceptance and 
utilization. 
The SMILING ergonomics was also evaluated  by asking 
the users to make suggestions about the device‟s features. 
The aim of this section of the questionnaire was to 
understand users‟ needs in order to guarantee high levels 
of acceptability for ease of use and comfort. The first 
question was concerned with the method of attaching the 
SMILING device to the shoes. The majority of the sample 
suggested they preferred wearing the device with Velcro 
(74%) than with shoe laces.  
Regarding the control unit that the elderly persons will 
use during home training, two different options were 
proposed. The first option was to control the SMILING 
system with a device like a TV remote control, the second 
one was the use of a PDA. The first option was preferred 
(88%) . 
The acceptance of other SMILING components was 
tested, in particular, the wearing of sensors in the back of 
the shoes, the legs, or the belt. 78% of the sample agreed 
to wear sensors in the back of the shoes during exercises, 
and 80% agreed to wear sensors on the legs or on the belt. 
These results highlight the positive attitude of surveyed 
participants towards new technology. SMILING shoes 
include a battery to be recharged like a mobile phone and 
for the majority of the sample (88%) this is completely 
acceptable. 
 
To assess perception of clinical value a sample of 35 
people was interviewed. The majority of the sample 
((91%) believed that SMILING intervention would add 
new possibilities to current interventions already in use 
and 94% thought that this kind of intervention could be 
used in a clinical setting.  
 
The most important requirements identified by the 
professionals were safety (91%,),  ease of adjustment of 
the parts (63%), ease of use (69%) and comfort (69%). 
They also asked for previously demonstrated efficacy 
(63%), facilities to provide feedback on the results (63%) 
and finally easy configuration (60%).  
 
 
Conclusions 
 
The SMILING system aims to implement a new approach 
in the prevention of falls by the setup of highly 
personalised training schema to be administered by means 
of a dedicated mechatronic device.  
A complete prototype of the system is available and ready 
for wide clinical validation.  
The training schema are based on innovative concepts in 
motor learning theory and are setup by the application of 
chaos theory principles within a rehabilitation setting. 
Indeed, the perturbations applied to elderly persons during 
their training sessions will be chaotic signals that, 
according to the scientific rational at the base of the 
project should have major benefits for the end users. 
Validation of the concept is currently on-going. 
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